Abstract 22
The convergent lady beetle (CLB), Hippodamia convergens (Guérin-Méneville), a species 23 widely distributed and used in biological control, has exhibited high survival under field and 24 laboratory conditions when treated with field rates of the pyrethroid -cyhalothrin, a highly 25 unusual phenomenon for a natural enemy. This work investigated and characterized the 26 phenomenon of pyrethroid resistance in a population of this species collected in Georgia, 27 USA. The mechanism and level of resistance were evaluated by treating parental populations 28 with -cyhalothrin ± piperonyl butoxide (PBO). The inheritance bioassay utilized parental 29 crosses and backcrosses between parental populations to obtain testable progenies. Adult 30 beetles from populations and progenies were topically treated with different doses of -31 cyhalothrin (technical grade) to calculate knockdown (KD) and lethal (LD) doses, and to 32 investigate the dominance based on a single dose and whether resistance is autosomal and 33 monogenic (null hypothesis). Genetic variation in the parental populations was examined by 34 applying a discriminating dose for resistant individuals (0.5 g/L). The data indicate that 35 resistance is due to at least two factors: knockdown resistance and enzymatic detoxification of 36 the insecticide. The knockdown effect is recessive and linked to the X-chromosome. 37
Variability in proportions of individuals within families dying following knockdown indicated 38 genetic variation in the resistant population. Further studies should be done to investigate the 39 role of sex linked inheritance of resistance in the species and interactions of the various 40 mechanisms involved in resistance. 41
Introduction 46
Effective integration of insecticides and natural enemies has been a goal of integrated 47 pest management (IPM) since the concept was first fully articulated by Stern et al. [1] , 48 although at the time and in the subsequent decades this integration has seemed highly 49 unlikely. Most organophosphate, carbamate, and pyrethroid insecticides have broad activity 50 spectra, with little selectivity toward natural enemies [2] . Insecticides can affect natural 51 enemies, manifesting as death or alterations in behavior and fitness, via direct intoxication 52 from insecticide application, or indirectly through consumption of contaminated prey or 53 through scarcity of prey or hosts [3, 4] . 54
Overcoming this incompatibility is the most difficult aspect of integrating biological 55 control agents and insecticides in IPM strategies. An ideal resolution is to replace all broad 56 spectrum products with insecticides of greater selectivity [5, 6] , but this is highly impractical 57 at present. Some efforts have been made to utilize insecticide-resistant natural enemies in 58
IPM, but such resistance in natural enemies is highly unusual relative to that observed in 59
pests. 60
Intensive insecticide use has selected for resistance to multiple classes of insecticides in 61 numerous arthropod species, the vast majority of which are herbivores. Since 1914, when the 62 first instance of resistance was observed in the San Jose scale, Quadraspidiotus perniciosus 63 (Comstock) (Hemiptera: Diaspididae), more than 500 pest species resistant to insecticides 64 have been recorded [7] . Insecticide resistance in natural enemies has also been reported, but 65 much less frequently than for pest species. The predatory mite Neoseiulus (=Amblyseius) 66 fallacis (Garman) (Acari: Phytoseiidae) was found to be resistant to azinphosmethyl in the 67 1970s [8] . Subsequently, more cases were observed in predatory mites [9, 10] . Among insect 68 natural enemies, field resistance has been reported for the parasitoid Anisopteromalus 69 calandrae (Howard) (Hymenoptera: Pteromalidae) to malathion [11] , and populations of the 70 alone began with a high dosage of 1 g a.i./L, which was then serially diluted by factors of 10 146 during the preliminary test to obtain the final dosages. The dosages of -cyhalothrin + PBO 147 used were: 0.0002, 0.0004, 0.0006, 0.0008, 0.001, and 0.003 g a.i./L for Hc-CA; and 0.005, 148 0.01, 0.03, 0.05, 0.08, 0.10, and 0.5 g a.i./L for Hc-GA. The bioassay was conducted using -149 cyhalothrin + PBO, as well as control treatments using only PBO or acetone. 150 2.6. Dominance and role of sex linkage in resistance. The F 1 progeny was tested to evaluate 151 possible sex linkage related to the resistance. Females and males were kept individually in 152 transparent 30-ml plastic cups. Sexes were differentiated based on the shape of the distal 153 margin of the fourth visible abdominal sternite. The posterior margin of the fourth sternite has 154 a concave shape in males while in females it is a straight line. Reciprocal crosses between 155 virgin females (n=30) and males (n=30) from resistant (Hc-GA) and susceptible (Hc-CA) 156 populations were made to obtain F 1 progeny SR (♀ Hc-CA x ♂ Hc-GA) and RS (♀ Hc-GA x 157 ♂ Hc-CA). Free mating choice was allowed by pairing females and males of the two parental 158 populations in plastic containers (30cm long, wide and high). Each F 1 cross progeny (SR and 159 RS) was reared separately to obtain sufficient adults to calculate the LD 50 . 160
To test for sex linkage, males from both F 1 reciprocal crosses (n=30) (SR and RS) were 161 backcrossed with parental females: BC1 (♀ Hc-GA x ♂ F 1 RS); BC2 (♀Hc-GA x ♂ F 1 SR); 162 BC3 (♀ H-CA x ♂ F 1 RS); and BC4 (♀ Hc-CA x ♂ F 1 SR). The progenies obtained from 163 backcross pairings were reared separately to obtain sufficient adults for each backcross to 164 calculate the LD 50 using 6 -10 -cyhalothrin doses. 165 2.7. Dominance of resistance in H. convergens to -cyhalothrin based on a single dose. In 166 this bioassay we used 8-d old adults of the population groups Hc-CA (n = 120), HC-GA (n = 167 120), F 1 RS (n= 120) and F 1 SR (n = 120). Five previously determined doses of -cyhalothrin 168 (0.001, 0.01, 0.1, 0.5, and 1.0 g of a.i./L) were administered to adults of the different 169 population groups as previously described. The control group was treated only with acetone 170 (n = 10). The knockdown effect and mortality were assessed 2 and 24h after insecticide 171 application, respectively. 172 2.8. Genetic variation within susceptible and resistant populations of H. convergens. We 173 tested Hc-CA and Hc-GA for homozygosity of resistance traits in the respective populations. 174
Individual virgin females and males (n=5) were paired for mating and egg production to 175 compose five separate families. Then virgin female and male offspring of Hc-CA, Hc-GA, F 1 176 reciprocal crosses, F 1 RS and SR, and the four backcrosses (BC1 to BC4) were tested with a 177 discriminating dose of 0.5 g a.i of -cyhalothrin/L for homozygous resistance (X To evaluate genetic variation of parental populations, observed knockdown and 213 mortality were initially corrected for the number of males and females of H. convergens 214 tested. Thus, the testable hypothesis for genetic homozygosity is that the proportion of 215 observed knockdown or mortality would be equal to the proportion of expected knockdown or 216 mortality based on the sex-linked inheritance for H. convergens, assuming the recessive 217 inheritance of resistance found with the discriminatory dose (0.5 g a.i. of -cyhalothrin/L). 218
Thus, using the G-statistic goodness of fit test for heterogeneity [43] , homogeneity was tested 219 among families and the hypothesis of absence of genetic variation was tested within and 220 among families. The goodness of fit test was carried out only on the results for F 1 RS and for 221 the backcross BC2 (♀Hc-GA x ♂ F 1 SR). The test was not conducted for families of the 222 susceptible population (Hc-CA), the F 1 SR progeny or their respective backcrosses (BC3 and 223 BC4) because the knockdown and mortality responses observed were as expected for all 224 families (1.00). Furthermore, for the resistant population (Hc-GA) and the backcross BC1 (♀ 225
Hc-GA x ♂ F 1 RS), the expected mortality is null (0.00) and, therefore, a G-statistic could not 226 be calculated. 227 respectively, for the Hc-CA and Hc-GA populations. Based on these values, the Hc-GA 236 population was over 220 (LD 50 ) and 308.0-fold (LD 90 ) more resistant to -cyhalothrin than 237 the Hc-CA population (Table 1) . 238 3.2. Dose-mortality curves with the synergist PBO. Adults from both populations exhibited 239 similar patterns of response for knockdown and mortality when treated with -cyhalothrin 240 plus the synergist PBO, but differed when using -cyhalothrin alone ( Table 2 ). The KD 50 and 241 LD 50 , however, were lower than when only -cyhalothrin was applied. The KD 50 and LD 50 242 synergism ratios were 1.62 and 6.94 (KD); and 5.53 and 17.24 (LD) for Hc-CA and Hc-GA 243 populations, respectively. The resistance ratio (RR) of -cyhalothrin based on the KD 50 or 244 LD 50 was reduced approximately 3-4 fold to ~70 for Hc-GA relative to Hc-CA when PBO was 245 added (Table 2) . These results further demonstrate that the Hc-GA population is more resistant 246 to -cyhalothrin than the Hc-CA population. Furthermore, the LD 90 calculated for the Hc-GA 247 population is 10.44 times greater than the highest field rate of -cyhalothrin recommended to 248 spray cotton (0.44 g a.i./L). 249 3.3. Dominance and role of sex linkage in resistance. The RR for the F 1 RS beetles was 250 greater than that of the F 1 SR beetles when calculated using the KD 50 , KD 90 , LD 50 , and LD 90 251 values, suggesting that resistance is X-linked (Table 1) . Further the degree of dominance 252 varied from -0.66 to -0.13 based on KD 50 , and from -0.48 to 0.27 based on KD 90 (Table 1) . 253
The resistance ratios of the KD 50 for BC1 and BC2, both of which were offspring of Hc-GA 254 mothers, were 211.33 and 70.47-fold, respectively, whereas the KD 50 resistance ratios for 255 BC3 and BC4, which were offspring of Hc-CA mothers, were 2.81 and 2.91, respectively. 256
These results are consistent with X-linked resistance. Despite the low ratios for BC3 and BC4 257 they were significantly different from the parental Hc-CA population according to the method 258 of Robertson and Preisler [37] (Table 1) . 259
The mortality data for the progenies and backcrosses fit a Probit model (P>0.05), except 260 for the mortality of the F 1 RS progeny (P<0.05). There were significant differences between 261 the F 1 progenies (SR and RS) in both the LD 50 (Table 1) . 265
Dominance of resistance in H. convergens to -cyhalothrin based on a single dose. 266
The results indicate recessive dominance in the F 1 progenies tests and variability in the 267 resistance based on single dose results. The resistance was found to be functionally dominant 268 (h = 1.0) for the Hc-GA population at the lowest tested dose (0.001) for both reciprocal 269 crosses (RS and SR) (Table 3 ). For F 1 SR, however, resistance was functionally recessive (h = 270 0.0) at doses of 0.1 and 1.0 g a.i. of -cyhalothrin/L at 2 and 24h evaluations, respectively; 271 while for F 1 RS it was recessive only at the highest tested dose at knockdown 2h post-272 treatment (Table 3) . Based on mortality evaluated 24h post-treatment the effective dominance 273 ranged from 0.32 to 0.5 for doses greater than 0.1 g a.i. of -cyhalothrin/L for F 1 RS ( Table  274 3). Variation was observed among families of BC2 (♀ Hc-GA x ♂ F 1 SR) for knockdown ( 2 = 296 26.55, P < 0.0001, df = 5), but not for mortality ( 2 = 0.55, P =0.9932, df = 5). Variation for 297 the knockdown effect was observed for only two out of five families (Table 4) . Regardless of 298 individual family outcome, there was no difference among BC2 families based on knockdown 299 (P = 0.3277) or mortality (P = 0.9942). For the backcross BC1 (♀ Hc-GA x ♂ F 1 RS), the 300 high variability among families and variation from the expected response confirm the genetic 301 variation of their parental resistant population (Hc-GA). 302 303
Discussion 304
Resistance in H. convergens to -cyhalothrin was confirmed in a Georgia population, 305
and it appears to have multiple mechanisms that also may differ in inheritance. Based on 306 knockdown response (KD 50 ), the resistance seems to be autosomally inherited and 307 incompletely recessive, but based on KD 90 the inheritance also appears to be sex-linked. Sex-308 linked inheritance of resistance is also indicated based on lethal dose (LD) results calculated 309 for F 1 progenies 24h post-treatment. Several factors might contribute to the variability 310 observed in types of responses, including presence of heterozygotes in the parental population 311 causing unexpected genetic variation in reciprocal crosses (see below) and resulting in dose-312 mortality curve slopes approaching 1.0 [44] . In addition, we cannot disregard genetic 313 differences of the two studied populations that probably also affect our results. 314
The metabolism of -cyhalothrin has at least one resistance mechanism in H. 315 convergens, as indicated by the action of the synergist PBO in significantly decreasing 316 resistance in the GA population. The estimated KDs and LDs were reduced by adding PBO to 317 -cyhalothrin for the resistant population. Recovery from knockdown by 24h post-treatment 318 was reduced by approximately 2/3 with addition of PBO, and a similar reduction was 319 observed in the LD responses (Table 2) . However, resistance in the Hc-GA population was 320 not fully suppressed by PBO -resistance in this population was still approximately 70 times 321 that of Hc-CA after PBO was added. Thus, considering that the resistance was not fully 322 inhibited with PBO, further studies are needed to identify the other mechanism(s) present. generate unusually low LDs and the conclusion that resistance is autosomally inherited. This 367 occurred with a heterogeneous population of Cydia pomonella (L.) (Lepidoptera: Tortricidae) 368 tested for resistance to the CpGV (Baculoviridae), and resistance was originally characterized 369 as autosomally inherited [ and Hc-CA with 10-fold the field rate of the organophosphate dicrotophos and the results 434 showed 100% and 0% survival for these two populations, respectively. 435
In conclusion, the inheritance of -cyhalothrin resistance in H. convergens is sex-linked 436 and recessive. Likely, the major mechanism of the resistance involves insensitivity of a kdr-437 type target site, with participation of detoxifying enzymes, which were partially inhibited by 438 PBO leading to greater susceptibility of the resistant population (Hc-GA). These results differ 439 from those obtained for another lady beetle species, E. connexa, that exhibits resistance to the 440 -cyhalothrin, but in which resistance is autosomally inherited and incompletely dominant, 
